According to life-history theory, any organism that maximizes fitness will face a trade-off between female fertility and offspring survivorship. This trade-off has been demonstrated in a variety of species, but explicit tests in humans have found a positive linear relationship between fitness and fertility. The failure to demonstrate a maximum beyond which additional births cease to enhance fitness is potentially at odds with the view that human fertility behaviour is currently adaptive. Here we report, to our knowledge, the first clear evidence for the predicted nonlinear relationship between female fertility and reproductive success in a human population, the Dogon of Mali, West Africa. The predicted maximum reproductive success of 4.1 ± 0.3 surviving offspring was attained at a fertility of 10.5 births. Eighty-three per cent of the women achieved a lifetime fertility level (7-13 births) for which the predicted mean reproductive success was within the confidence limits (3.4 to 4.8) for reproductive success at the optimal fertility level. Child mortality, rather than fertility, was the primary determinant of fitness. Since the Dogon people are farmers, our results do not support the assumptions that: (i) contemporary foragers behave more adaptively than agriculturalists, and (ii) that adaptive fertility behaviour ceased with the Neolithic revolution some 9000 years ago. We also present a new method that avoids common biases in measures of reproductive success.
INTRODUCTION
Hunter-gatherers such as the !Kung of Botswana and the Ache of Paraguay are often thought to behave more adaptively than other contemporary populations. Yet demographic studies report that, in both groups, the relationship between the number of offspring born to a given woman and her lifetime reproductive success was linear with a substantial slope (Pennington & Harpending 1988; Hill & Hurtado 1996) . This linear relationship suggests that !Kung and Ache women might have achieved higher fitness by increasing fertility beyond observed levels, which implies that their fertility behaviour may have failed to maximize fitness (see Hill & Hurtado 1996; Hill & Kaplan 1999) .
The linear relationship between fitness and fertility is also surprising from the point of view of life-history theory, which holds that inclusive fitness-maximizing organisms face a trade-off between the number of offspring born and the number successfully reared (reviewed in Lessells (1991) and Stearns (1992) ). If the Ache and the !Kung were not under-reproducing, then life-history theory predicts diminishing returns to fitness from higher fertility, which would produce either a plateau or a downturn in fitness at high fertility. The classic example of this tradeoff is the work carried out by Lack (1947) on clutch size, which shows that altricial birds can achieve higher reproductive success by laying an intermediate number of eggs per nest. Birds who produce too large a clutch are unable to feed each nestling adequately and fledge fewer young.
In a pioneering study, Blurton Jones & Sibly (1978) tested for reproductive trade-offs among the !Kung. They concluded that !Kung birth spacing was adaptive because the modal interbirth interval yielded the most offspring who survived to the age of 10 years. Although this study has not been without controversy (Harpending 1994; Hill & Hurtado 1996; Blurton Jones 1997) , it helped motivate subsequent tests of life-history theory in humans, including more recent work among the !Kung and Ache (Pennington & Harpending 1988; Hill & Hurtado 1996) . These later studies did not replicate the finding of optimal fertility and raise the possibility that most !Kung and Ache women did not maximize reproductive success. The evidence, however, is inconclusive: unmeasured heterogeneity among women may explain why these studies found a linear relationship between fitness and fertility (Borgerhoff Mulder 1992; Hill & Hurtado 1996; Blurton Jones 1997; Hill & Kaplan 1999) . If people vary in health, wealth, kin support or other critical parameters, then the women who have the highest fertility may also have the greatest opportunity for rearing offspring. Each woman might reproduce at her own personal optimum, but the aggregate relationship between fertility and fitness for the population as a whole might be linear. Life-history tradeoffs faced by individual women, such as the trade-off between offspring number and offspring quality, may be masked by the phenotypic correlation between resources and reproductive success in the population as a whole (van Noordwijk & de Jong 1986; Borgerhoff Mulder 1992; Hill & Hurtado 1996; Hill & Kaplan 1999) . Animal behaviourists have overcome the problem of phenotypic correlation through controlled experiments in which fertility levels are manipulated (Gustaffson & Sutherland 1988; Pettifor et al. 1988; Dijkstra et al. 1990 ). In studies of humans, heterogeneity among women may be controlled by multiple regression and other statistical methods. Although Hill & Hurtado (1996) did attempt appropriate statistical controls, either these controls were incomplete or Ache women did not actually maximize fitness either in the precontact 'forest period' or after relocation to missions.
Since the Ache study is one of the most sophisticated examples of the application of life-history theory to human demography, the absence of conclusive results presents an interesting challenge. In testing predictions from evolutionary theory in contemporary environments, human behavioural ecologists assume that human behaviour is sufficiently flexible and sensitive to environmental contingencies to permit adaptive outcomes, so long as major novelties such as modern contraception are absent (Smith 2000) . Evolutionary psychologists, by contrast, emphasize that humans are adapted to an ancestral forager lifestyle and assume that adaptive behaviour ceased with the onset of agriculture about 9000 years ago (Symons 1989; Barkow et al. 1992; Buss 1995) .
Here, our goal is to test these alternative assumptions by examining the adaptiveness of fertility behaviour in a contemporary agricultural population, the Dogon of Mali, West Africa. In line with the behavioural ecological approach, we expect the relationship between female fertility and reproductive success to conform to predictions from inclusive fitness and life-history theory. Specifically, we test the hypothesis that there is a trade-off between the number of offspring born and the number who survive. This hypothesis predicts that the relationship between fertility and reproductive success is either inverse U-shaped or increases to a plateau, rather than being linear.
We also present a new method for examining the relationship between fertility and reproductive success that employs a form of survival analysis (Kaplan & Meier 1958) to avoid significant biases that are commonly ignored. This method gives fertility-specific measures of reproductive success and allows the inclusion of individuals who have incomplete reproductive histories. Hence it is particularly useful for long-lived species. It may also be helpful when fitness is measured in the grand-offspring generation, as, at the time of sampling, few individuals have a complete tally of their surviving grand-offspring.
The Dogon have lived along the Bandiagara cliff for over half a millennium and grow millet as their staple crop. In 1998, 68% of the married men in the study village adhered to the traditional religion, which entails ancestor worship, masked dancing and the seclusion of menstruating women in designated huts. Both indigenous and Western contraception were entirely absent and most reciprocity was among close kin. The region is remote, ca. 250 km south of Timbuktu, and despite a superficial influx of tourists, the Dogon have remained one of the most traditional peoples of Africa (Paulme 1940; Calame Griaule 1965; Pern 1982; Strassmann 1992 Strassmann , 1996 Strassmann , 1997a Cazes 1993) .
METHODS (a) The subjects and their reproductive histories
The study population was the set of women, aged 20 years and older, who were resident in the village of Sangui (14°29Ј N, Proc. R. Soc. Lond. B (2002) 3°19Ј W) at any time during a 10 year period from 1988 to 1998. Reproductive and marital histories of these women were conducted by one of the authors (B.I.S.) in 1988, 1994 and 1998 . A total of 167 women were resident in the village at the time of the interviews in at least one of these 3 years. A few women were briefly married to men of Sangui at some point during the 10 year study period but could not be included in the analysis because they were not resident at the time of any of the interviews. Three elderly women, mean age 69 years, did not provide data on age at death for deceased children and were therefore excluded from the analyses, together with one woman who by the age of 37 years had never had a pregnancy. We estimate that the set of 167 women includes about 95% of the women in the entire study population.
Most of the women were present for interviews in more than 1 year and their data were updated to be as complete as possible. Interviews of the same women in different years were compared and found to be remarkably consistent. B.I.S. lived for nearly 3 years in the study village, knew most of the women individually and conducted the interviews in Dogon (Sangha-Sò ). Data on stillbirths and miscarriages are sometimes useful for assessing the accuracy of reproductive data. Among 64 Dogon women whose youngest child was born at least 5 years prior to the last interview, the mean ± s.d. for the number of stillbirths and miscarriages experienced per woman were 0.42 ± 0.97 and 0.63 ± 1.10, respectively. High values such as these tend to reflect good subject cooperation and reporting accuracy.
(b) Age estimates Dogon women born in Sangha can identify their 'age mates' and their relative age with respect to members of their own and other age cohorts. Sets of age mates never include more than one interbirth interval, as two consecutive siblings with the same mother are always assigned to different age classes. Thus the Dogon have a very precise scheme for ranking relative age. Through information on the known year of birth for some individuals, particularly men who had gone to school and women born during a salient year such as Malian Independence (1960), the year of the Sigi Dance (1969) and the Great Famine (1914), we were able to determine actual birth years with unusual accuracy for a non-literate population.
(c) Reproductive success: lifetime method
We used linear regression to model reproductive success as a function of fertility. We investigated the shape of this relationship by including fertility alone or fertility and fertility squared in the regression models (Kaplan et al. 1995) . To further investigate functional forms that may be neither linear nor quadratic, we used loess regression (Cleveland 1993) , which gives a nonparametric estimate for the shape of the function. In most cases, the loess and quadratic functions (Cleveland 1993) were almost identical, so we usually present only the latter. We calculated the women's reproductive success through three different methods that we call 'lifetime,' 'Kaplan-Meier' and 'age adjustment'. In all analyses we used the statistical software Spss 10.0 (SPSS 1999).
For lifetime reproductive success, we included only women for whom 5 or 10 years had elapsed since their last live births (n = 65 and n = 55 women, respectively). Their reproductive success was measured by counting the number of offspring who survived to age 5 or 10 years, respectively.
In studies of lifetime reproductive success, researchers often neglect to restrict the sample to females whose offspring have all had time to reach the age to which survival is measured. However, this procedure underestimates reproductive success if offspring who have not yet reached this age are not counted. Alternatively, scoring these offspring as having survived to the given age, or simply counting the number of offspring alive at the time of sampling, would exaggerate reproductive success because survival is as yet undetermined. An offspring who was born longer ago will be more likely to be deceased than an offspring born more recently. Treating two such offspring equivalently would inflate the reproductive success of mothers whose offspring were still young compared with that of mothers of older offspring.
(d ) Reproductive success: the Kaplan-Meier method
Although the lifetime method should be viewed as the gold standard, it inevitably reduces sample sizes. We present a novel method that gives unbiased estimates of reproductive success for a given fertility level, even when the sample includes women who are not yet post-reproductive or whose youngest child has not yet reached the age to which survival is measured.
To obtain an estimate of cumulative survival to age 10 years using this method, the oldest offspring must have been born at least 10 years prior to the mother's last interview. Out of the 163 potential women, this method yielded sample sizes of 132 and 117 women for survival to age 5 and 10 years, respectively. A significant advantage of this method over the lifetime method is that the increase in sample size gives tighter confidence intervals for reproductive success.
The Kaplan-Meier method has two steps. First, for each woman we obtained Kaplan-Meier estimates (Kaplan & Meier 1958) of the expected proportion of her offspring surviving to age 5 or 10 years. Second, to estimate reproductive success, we multiplied the Kaplan-Meier estimates by the number of live births for each woman. Among women who were 5 or 10 years post-reproductive, the lifetime and Kaplan-Meier values are identical.
(e) Reproductive success: age-adjustment method An alternative approach might adjust for mother's age in regression models of reproductive success on fertility. Like the Kaplan-Meier method, this approach permits the inclusion of women who have not completed their reproduction. However, the Kaplan-Meier method uses information on all offspring up to the point of death or censoring, whereas the age-adjustment method only counts offspring of age 10 years or older (or the age to which survival is measured). The number of offspring of age 10 years or older will generally increase with the mother's age, and the assumption of the age-adjustment model is that this increase is linear (during the reproductive years). However, the number of children over the age of 10 years depends not only on age and fertility, but also on the timing of births. Variation among women in birth timing will mean that age adjustment is at best approximate. Other problems with this method may include interaction and collinearity between age and fertility. Despite these potential flaws, we present results using this method for the purpose of comparison.
(f) Correction for the influence of mortality on fertility
Previous research has established that when an infant ceases to nurse and dies, a Dogon mother usually resumes both ovulation and menstruation within two months, but if the child Proc. R. Soc. Lond. B (2002) lives, the median duration of postpartum amenorrhoea is 20 months (Strassmann 1996; Strassmann & Warner 1998; see Perez et al. (1972) for Chilean women). Thus, when a correlation is observed between mortality and fertility, causation may go in both directions. To test the possibility that high maternal fertility increases offspring mortality, we controlled for the possibility that women who lose nursing infants get pregnant again more quickly and thus have higher fertility. We assumed that if a child died at age 2 years or older, (s)he was weaned or nearly so and death did not shorten the time until the next birth. We therefore subtracted from each woman's number of live-born offspring any child who died in less than 24 months unless the child who died young was a last-born offspring. The death of a last born would not hasten a subsequent birth. To help avoid over-correction, if two children in a row both died at under 2 years, we subtracted only one of them from the woman's fertility. In the Kaplan-Meier analyses of survival to age 10 years (n = 117 women), a mean (± s.d.) of 1.1 ± 1.1 live births were subtracted per woman, or a total of 15% of all live births. In the analyses of lifetime reproductive success (n = 55 women), 1.4 ± 1.2 live births were subtracted per woman, or a total of 16% of all live births. We then compared the results obtained in this fashion with results based on fertility without the correction. Whereas the correction is useful for understanding the mechanism that underlies the correlation between fertility and mortality, the actual fertility data may be more useful for testing the optimality of fertility behaviour. Figure 1 shows the relationship between corrected fertility and reproductive success with offspring survival measured to age 10 years (figure 1a,b) or 5 years ( figure 1c,d ). Figure 1a ,c uses the lifetime method and figure 1b,d employs the Kaplan-Meier method. In both methods, the x-axis is fertility corrected for the influence of mortality on fertility (see § 2). Figure 2 shows the same relationship as in figure 1a , but without the fertility correction.
RESULTS

(a) Lifetime method
According to the lifetime method, reproductive success (based on survival to age 10 years) increased with corrected fertility and then levelled off such that additional births did not enhance reproductive success (figure 1a). Reproductive success reached a maximum of 4.3 children at 8.6 births. From a frequency distribution of corrected fertility we found that 27% of women had nine or more births, and thus reached the predicted maximum. But a fertility of six births yielded a reproductive success within the confidence interval (3.7 to 4.8) for this maximum (figure 1a). Only 25% of the women had fewer than six births, which leads to the striking conclusion that most of the women achieved a fertility level for which mean reproductive success was statistically indistinguishable from reproductive success at the optimal fertility level. The regression equation was y = Ϫ1.36 + 1.30x Ϫ 0.08x 2 (y, reproductive success; x, fertility) with p-values of 0.002 and 0.022 for the linear and squared terms, respectively (n = 55, R 2 = 0.32). To control for secular trends, the mother's year of birth (z) was added to the model, and the equation became y = Ϫ73.12 + 1.52xϪ 0.09x 2 + 0.04z with p-values of 0.001, 0.009 and 0.076, respectively (n = 55, R 2 = 0.36). Thus, when reproductive success was measured as the number of offspring who survived to age 10 years, the relationship between corrected fertility and reproductive success was quadratic, both with and without adjustment for the mother's year of birth.
When offspring survival was measured only to age 5 years (figure 1c), the regression equation for the lifetime method was: y = Ϫ25.52 + 1.28x Ϫ 0.06x 2 + 0.01z (y, reproductive success; x, fertility; z, mother's year of birth) and the p-values for the coefficients were 0.002, 0.051 and 0.435, respectively (n = 65, R 2 = 0.41). Regardless of whether survival was measured to age 5 or 10 years, the relationship was quadratic, but in the former case the coefficient for the squared term was slightly smaller.
The results for actual fertility without the correction were very similar to those for corrected fertility, regardless of whether we used survival to age 10 years (figure 2) or to age 5 years (data not shown). Reproductive success (based on survivorship to age 10 years) reached a maximum of 4.1 surviving offspring at 10.5 births. From a frequency distribution of actual fertility, we found that 35% of women had 10 or more births, and 10 was the modal fertility. Median fertility was somewhat lower at 8.5 births. Eighty-three per cent of women attained a fertility Proc. R. Soc. Lond. B (2002) level (7 to 13 births) for which the predicted reproductive success was within the confidence limits (3.4 to 4.8) for reproductive success at the maximum. No woman had more than 13 births.
(b) Kaplan-Meier method
The Kaplan-Meier method gave tighter confidence intervals ( figure 1b,d ), but otherwise gave results that were similar to those for the lifetime method. Using corrected fertility, reproductive success (based on survival to age 10 years) reached a maximum of 4.7 surviving offspring at 9.1 births. A fertility of 7 to 11 births yielded a reproductive success that was within the confidence limits (4.3 to 5.1) for the maximum (figure 1b). According to this method, 56% of the women reached a fertility level (7 to 11 births) for which the predicted mean reproductive success was statistically indistinguishable from reproductive success at the optimal fertility level. The regression equation for the relationship between corrected fertility and reproductive success was y = Ϫ57.30 + 1.24x Ϫ 0.06x 2 + 0.03z (y, reproductive success; x, fertility; z, mother's year of birth) with p-values of Ͻ0.000, 0.014 and 0.004 for fertility, fertility squared and the mother's year of birth, respectively (n = 117, R 2 = 0.36). When survival was measured only to age 5 years ( figure  1d ) the regression equation for the Kaplan-Meier method was: y = Ϫ31.79 + 1.09x Ϫ 0.04x 2 + 0.02z with p-values for the coefficients of 0.000, 0.016 and 0.071, respectively (n = 132, R 2 = 0.53). Thus, both the lifetime and KaplanMeier methods indicate a quadratic relationship between corrected fertility and reproductive success, regardless of the age (5 or 10 years) to which survivorship was measured.
Using actual rather than corrected fertility, reproductive success at the optimum fertility (11.7 births) was 4.7 ± 0.4 offspring surviving to age 10 years. The predicted reproductive success for women who had seven births was 3.9, which was within the confidence limits (3.8 to 5.5) for reproductive success at the maximum. As with the lifetime method, 83% of women attained a fertility level (7-13 births) that was statistically indistinguishable from the optimum fertility level.
(c) Age-adjustment method
The results for the age-adjustment method are illustrated in figure 3 with a separate loess fit (Cleveland 1993) for three age groups (under 30, 30 to 40, and over 40 years). This method shows that the curve for the relationship between corrected fertility and reproductive success among women over the age of 40 increases to a plateau (figure 3). For women aged 30-40 years, the relationship appears more linear because many of these women had not finished reproducing. For women under 30 years, there is no relationship between fertility and reproductive success because the highest corrected fertility was only three births and few offspring had had time to reach an age of 10 years. Figure 3 also shows that, for a given fertility level, the older women had higher reproductive success. This occurs simply because there was more time for their offspring to have reached the age of 10 years.
(d ) Fertility and reproductive success after controlling for covariates Table 1 shows the relationship between corrected fertility and Kaplan-Meier reproductive success after controlling for other predictors of reproductive success using multiple linear regression. Regardless of whether we measured survival to age 5 or to age 10, the same set of predictors emerged as significant. These included: the woman's year of birth, her marital status (first wife, second/third/fourth wife, versus the reference category, sole wife), and whether she was an arranged, nonarranged, or levirate wife (a woman who was married to her deceased husband's brother). The women in the study were born between 1908 and 1969 (n = 119). For each decade later that a woman was born, reproductive success based on survival to age 10 increased by 0.5 offspring. First wives had 0.73 fewer surviving offspring and second or higher-order wives had 0.88 fewer surviving offspring than sole wives. Women in arranged marriages had 1.72 fewer surviving offspring and women in non-arranged marriages had 1.30 fewer surviving offspring than levirate wives. Arranged and nonarranged wives did not differ significantly from each other, so levirate wives were chosen for the reference category. Other covariates were not significant, including the wealth of the husband's family (measured as metric tons of grain harvested or relative wealth rank). The significant covariates explain 46% of the variance in Kaplan-Meier reproductive success to the age of 10 years and 61% of the variance in Kaplan-Meier reproductive success to the age of 5 years. Fertility and fertility squared remained significant (p Ͻ 0.01) after controlling for the other covariates, which provides further evidence for a trade-off between offspring number and offspring survival. Consistent with the smaller sample size, the p-values for the covariates were less significant when the lifetime method (table 2) instead of the Kaplan-Meier method (table 1) was employed. The coefficients, however, were in the same direction and similar in magnitude. After controlling for the same covariates as above, fertility and fertility squared were significant predictors of the number of offspring who survived to the age of 10 years, with p-values of 0.001 and 0.019, respectively (table 2).
The covariates that were significant in the age-adjustment method were the same as those in the Kaplan-Meier method, except that fertility was only borderline significant (p = 0.05) and fertility squared was not significant (p = 0.29; table 2). By including younger women, the ageadjustment method obscures the diminishing returns to reproductive success at high fertility observed among women over the age of 40 years (figure 3). This method assumes parallel curves for different ages, with equal intervals between ages, which is an assumption not supported by figure 3. It also has the problem of collinearity between fertility and the mother's age at the last interview (r = 0.60, p Ͻ 0.001, n = 117), which makes it difficult to assess the relationship between fertility and reproductive success independent of age. Collinearity between the mother's age and year of birth means that this method does not permit adjustment for cohort effects.
(e) Relative contribution of fertility and mortality Table 3 explores the relationship between fertility (total uncorrected number of live births), mortality (one minus the proportion surviving to the age of 10 years), and reproductive success (number of offspring who survived to the age of 10 years). In this table we used the post-reproductive sample of 55 women whose last live births occurred at least 10 years prior to their last interviews. Two women who did not raise any offspring to 10 years had one and three live births. At the other end of the spectrum, the two women who raised seven and nine children to the age of 10 years, both had 10 live births and an offspring mortality rate of only 20%. In between these two extremes, reproductive success ranged from 1 to 6 offspring, fertility from a mean (± s.d.) of 7.00 ± 3.22 to 9.00 ± 2.10 live births, and mortality varied from 0.72 ± 0.36 to 0.26 ± 0.21.
The fertility of women who had six surviving offspring was only 29% higher, on average, than that of the women who had only one surviving offspring. Child mortality in the latter group, however, was 2.8-fold higher. Although both fertility and mortality contribute to reproductive success, mortality evidently played a larger role.
DISCUSSION
In contrast with other species (reviewed in Stearns (1992)), there is little evidence for optimal fertility behaviour in humans. Reproductive trade-offs, such as the trade-off between fertility and offspring survivorship, have also been difficult to document. One exception is the evidence for strong selection for singleton as opposed to twin births, which explains why humans usually have a litter size of only one child (Haukioja et al. 1989; Anderson 1990) . Other attempts to test for optimal fertility behaviour have led to negative or ambiguous results. For example, Kaplan et al. (1995) tested the hypothesis that low fertility in Anglo and Hispanic men in urban New Mexico (USA) maximized the production of grandoffspring. Instead, they found a linear relationship between male fertility and the number of grand-offspring born. A trade-off was observed, but only between parental fertility and offspring education and income (Kaplan et al. 1995) .
The failure of optimality models in societies that have undergone the demographic transition is not altogether surprising. The negative results for hunter-gatherers, however, contradict the assumption that humans flexibly adjust fertility levels so as to maximize inclusive fitness (Smith 2000) . Human behavioural ecologists assume that adaptive fertility behaviour is not confined to the Palaeolithic, or any other specific period of the human evolutionary past. Instead they predict that it occurs in a wide range of environments, as long as modern contraception and other radical departures from past human experience are absent.
Despite theoretical reasons for expecting adaptive fertility behaviour among foragers, the first test has been difficult to interpret (Blurton Jones & Sibly 1978; Blurton Jones 1986 , 1987 and two subsequent studies reported no evidence for optimization (Pennington & Harpending 1988; Hill & Hurtado 1996) . The strengths and limitations of the original study have been thoroughly explored (Blurton Jones 1994 Harpending 1994; Hill & Hurtado 1996) , but of particular concern is the failure of the attempts at replication. Regardless of whether these negative results reflect differences in ecology or issues of methodology, there is surprisingly little empirical support Proc. R. Soc. Lond. B (2002) for optimal fertility behaviour in the forager populations so far studied (Hill & Hurtado 1996, p. 396) .
A recent investigation of the Kipsigis, who are agropastoralists of Kenya, examined the yield in grandchildren for women who had different numbers of surviving offspring (Borgerhoff Mulder 2000) . As data on female fertility were not included in the analysis, this study does not address the relationship between female fertility and fitness, as measured in either the offspring or the grand-offspring generation. However, it does address reproductive tradeoffs. Specifically, it reports a nonlinear relationship between the number of offspring who survived to the age of 5 years and the number of surviving grand-offspring (n = 64 women). Women who had 8-11 surviving offspring had slightly fewer grand-offspring than women who had six or seven surviving offspring. Although this difference was not quite significant ( p = 0.08), it is consistent with diminishing returns to fitness from raising additional offspring. The Kipsigis study examines the effects of offspring competition after the age of 5 years. Our study, by contrast, examines competition from birth up to the age of 10 years, which is when most child mortality takes place. The former approach is more useful for exploring competition among adult siblings for heritable resources such as land or cattle. Our approach is more useful for exploring the optimality of fertility behaviour.
In summary, none of the foregoing studies reported that the observed number of live births maximized fitness. Our results demonstrate a clear-cut trade-off between the number of offspring born and the number who were successfully reared. Thus, they address a significant gap between theory and data. Unlike studies of the Ache and the !Kung, women at the highest observed fertility level did not produce more surviving offspring than did women at intermediate fertility levels.
After the correction for the influence of mortality on fertility, the predicted maximum lifetime reproductive success of 4.3 ± 0.3 surviving offspring was attained at a fertility of 8.6 births. Seventy-five per cent of the postreproductive women (n = 55) achieved a fertility level (6-11 births) for which the predicted reproductive success was within the confidence limits (3.7 to 4.8) for reproductive success at the optimal fertility level. Optimal fertility for the Kaplan-Meier method was 9.1 births. Using this method, 56% of the women (n = 117) achieved a fertility level (7-11 births) for which the predicted reproductive success was within the confidence limits (4.3 to 5.1) for reproductive success at the maximum. The lower percentage of women displaying optimal fertility with the Kaplan-Meier method (56% versus 75%) is partly due to the higher estimate for optimum births (9.1 versus 8.6) and partly due to the narrower width of the confidence interval for reproductive success (0.8 versus 1.1).
Using the lifetime method and actual fertility without the correction, optimum fertility was estimated to be 10.5 births, which agreed closely with the modal fertility of 10 births and was somewhat higher than the median fertility of 8.5 births. Reproductive success at this optimum was 4.1 ± 0.3 surviving offspring. Eighty-three per cent of the women attained a fertility level (7-13 births) for which the predicted reproductive success was within the confidence limits (3.4 to 4.8) for reproductive success at the maximum. The Kaplan-Meier method also found that 83% of the women attained a fertility level (7-13 births) that was statistically indistinguishable from the optimum.
We realize that whether any individual woman reproduced at her own personal optimum is impossible to say. Moreover, some women reproduced more efficiently than others, with fewer births and fewer deaths. However, the overall fertility behaviour of the women, as observed in the aggregate, was fitness maximizing. Aside from Blurton Jones' analysis of interbirth intervals (Blurton Jones & Sibly 1978; Blurton Jones 1986 , this is, to our knowledge, the first demonstration of optimal fertility behaviour for a human population.
Regardless of whether we used the lifetime or KaplanMeier estimates of reproductive success, measured survival to the age of 5 or 10 years, or based our analysis on corrected fertility or actual fertility, the relationship between fertility and reproductive success was best described by a quadratic function. Although a quadratic function models a downturn in reproductive success with high fertility levels, our estimated quadratic functions were all flattened near the maximum. The women in our dataset did not have fertility levels significantly beyond the estimated maxima, so it was not possible to statistically distinguish between a plateau and an inverse U-shape. The fact that few women had greater than optimal fertility implies that few women made the mistake of overreproducing.
To make sure that the relationship we observed was not an artefact of a cohort effect or some other source of heterogeneity in the women sampled, we controlled for other significant predictors of reproductive success. Even after controlling for these covariates, the relationship between fertility and reproductive success remained quadratic.
In future research it might be helpful to ask mothers whether menstruation had resumed at the time of death for all children who died before the age of 3 years. The return of the post-partum menses closely coincides with the resumption of ovulation (Perez et al. 1972) , so this information would permit a more fine-tuned correction for the influence of mortality on fertility. In the analyses of corrected fertility, we found that when survivorship was estimated only to the age of 5 years and no covariates were controlled, the quadratic relationship was less pronounced. Mean survivorship to the age of 10 years (n = 55 women) was only 6% lower than to the age of 5 years (n = 65 women); nonetheless, mortality between these ages increased the coefficient for the quadratic term. This result may imply that most mortality between the ages 5 and 10 years occurred among women with high fertility. It is also consistent with the interpretation that the quadratic relationship between corrected fertility and reproductive success was caused by the effect of fertility on mortality, rather than the converse. However, in the regressions with actual fertility, the quadratic relationship was more pronounced when survival was measured only to the age of 5 years.
Since the Dogon people are farmers, our results are at odds with the assumptions that: (i) contemporary foragers behave more adaptively than agriculturalists, and (ii) that adaptive fertility behaviour ceased with the Neolithic revolution some 9000 years ago. The tendency to assume that adaptation ceased with agriculture overlooks a number of issues (reviewed in Strassmann & Dunbar (1999) ). One of the more salient is that agriculture spread in Europe because Neolithic farmers out-reproduced the Neolithic hunter-gatherers (Menozzi et al. 1978; Sokal et al. 1991) . Thus, agriculture appears to have been an adaptive change in mode of subsistence.
Humans did pass more generations as foragers than as farmers, but this alone does not establish the significance of the transition, which was only one of many transitions in our evolutionary past (Strassmann & Dunbar 1999) . For example, most primates eat fruit, leaves and insects and very few species regularly hunt mammals (Boyd & Silk 1997, p. 397) . Thus, most of our primate ancestors were probably vegetarians and insectivores who did not engage in cooperative foraging for meat. A social and dietary shift was required for the emergence of hunting and gathering, but it does not follow that this shift automatically induced maladaptive fertility behaviour. Similarly, in the absence of empirical evidence, it cannot be assumed that the life histories of agriculturalists show less evidence for adaptive design than those of foragers. Our data support the hypothesis of optimal fertility behaviour in a contemporary farming population, which contradicts the notion that agriculture is at the juncture of a crude dichotomy between adaptation and maladaptation.
Dogon first wives and higher-order wives had lower reproductive success than women in monogamous marriages. Research on the proximate mechanisms that underlie this cost of polygyny suggests a role for reduced paternal investment (Strassmann 1997a (Strassmann ,b, 2002 . Another significant finding is that arranged wives and non-arranged wives had lower reproductive success than did levirate wives. Widows who have many surviving offspring may be more likely to choose to become levirate wives upon their husband's death. Marrying the husband's close relative permits a widow to stay with her children since they belong to their father's patrilineage. A widow who has many surviving offspring may be more likely to remain with the lineage that was good for reproductive success and where she can continue to protect her prior reproductive investment. Due to increased statistical power, most covariates were more significant in the KaplanMeier analyses than in the analyses using the other methods, indicating that the Kaplan-Meier approach is particularly useful for measuring covariate effects.
Another significant finding is that offspring mortality, not fertility, was the primary determinant of variation in reproductive success in our sample. Most of the effect of mortality on reproductive success was direct, rather than mediated by the effect of mortality on fertility. In the Ache, by contrast, variation in fertility explained a greater proportion of the variation in reproductive success than did child mortality (Hill & Hurtado 1996, p. 393) . We hypothesize that the situation found in the Dogon, in which it is offspring mortality that is the major determinant of fitness, is more typical of the human evolutionary past. This hypothesis assumes that, like the Dogon and the Ache, most of our ancestors did not live in populations characterized by high levels of venereal disease as in the African infertility belt (Caldwell & Caldwell 1983) or by high levels of permanent celibacy, as in the rural Irish (Strassmann & Clarke 1998) .
One caveat is that our results may be biased towards women who lived long enough to be present during at least one of our three interview sessions. However, this problem of selection bias was mitigated by our use of a semi-prospective design. We conducted three interview sessions over a 10-year period rather than a single crosssectional one and therefore were able to interview about 95% of the eligible women. During the 10 years of this study, only three women in the study village died after their first live birth but prior to menopause. In a population with very high adult mortality, such as forest-dwelling Ache, the variation in female fertility would be largely caused by premature deaths. This type of pattern probably typifies much of the human past and, even if accompanied by higher child mortality, might augment the fertility component of fitness variance.
Our study focused on the relationship between female fertility and reproductive success. Two previous studies of the Dogon addressed the proximate mechanisms that underlie variation in female fertility and child mortality, but did not explore fitness effects (Strassmann 1997a,b; Strassmann & Warner 1998) . Taken together, the three studies suggest that the quadratic relationship between fertility and reproductive success was probably caused by offspring competition for parental investment. In the mortality study, the chance of death for any given child increased by 26% as the number of children (aged 10 years or under) in the work-eat group (the set of people who are economically interdependent) increased by one additional child. As the dependency ratio, or the number of children per married adults, increased by one child, the likelihood of death increased 3.4-fold (Strassmann 2000) .
In summary: (i) Dogon women face a trade-off between offspring quantity and offspring quality, and (ii) observed in the aggregate, ca. 83% of the women in our sample experienced lifetime fertility levels that were approximately optimal for maximizing fitness.
